Rationale: Lateral airway pressure can provide valuable physiological information during bronchoscopy. Objectives: To evaluate tracheal obstruction during intervention. Methods: To prospectively measure lateral airway pressure during bronchoscopy using a double-lumen catheter in 15 healthy subjects and 30 patients with tracheal obstruction. Pressure difference was used to evaluate the site of maximal obstruction. The angle between pressure recordings on either side of the stenosis was measured simultaneously (pressure-pressure curves) to assess the degree of tracheal obstruction. Measurements and Main Results: In the experimental study, the angle of the pressure-pressure curve was unaffected by breathing maneuvers whereas the pressure difference was affected. In healthy subjects, no pressure difference between the carina and trachea was observed during tidal breathing, and the angle was close to 458. In patients with tracheal obstruction, the dyspnea scale, pressure difference, and angle changed significantly beyond 50% obstruction (P , 0.0001). After stenting, the pressure difference disappeared and the angle was close to 458. The degree of tracheal obstruction was significantly correlated with the pressure difference (r ¼ 0.83, P , 0.0001) and angle (r ¼ -0.84, P , 0.0001). The cross-sectional area, dyspnea scale, pulmonary function tests, pressure difference, and the angle significantly improved after procedures (P , 0.0001). Responder rates on the modified Medical Research Council Scale were 84.6% for obstructions above 80%, and 58.8% for obstructions between 50 and 80%. Conclusions: The direct measurement of pressure difference and the angle of the pressure-pressure curve represent a new assessment modality for the success of interventional bronchoscopy. Measuring lateral airway pressure could estimate the need for additional procedures better than bronchoscopy alone. Public trial registered at umin.ac.jp (UMIN000002400).
In patients with severe malignant airway stenosis, interventional bronchoscopy is considered to be a method for maintaining airway patency (1) . Patients referred for treatment of airway stenosis are typically asymptomatic until critical narrowing of the airway occurs. The degree of dyspnea depends on the degree of airway obstruction and becomes severe when well over 70% of the tracheal lumen is obstructed (2) . In our previous studies, placement of the stent at the flow-limiting segment (FLS) provided the greatest functional benefit to patients with central airway stenosis (3, 4) .
Dynamic airway compression causes the formation of an FLS in the central airways during forced expiration. With the use of airway catheters in dogs (5-7) and in human subjects (8) (9) (10) , the FLS could be located by measuring lateral airway pressure (P lat ) during induced flow limitation generated by either an increase in pleural pressure or a decrease in downstream pressure.
Analysis of the flow-volume curve can be used to define the nature of the stenosis and to provide reliable information on the efficacy of stenting (4, (11) (12) (13) (14) (15) . However, flow-volume curves cannot identify the precise location of the lesion where airway resistance increases, nor can it immediately define the outcome of stenting. Because assessment of the FLS requires forced expiratory vital capacity maneuvers, detecting flow limitation by measuring P lat cannot be performed during bronchoscopy. We therefore proposed a simple and well-tolerated bronchoscopeguided technique using P lat measurements to locate the site of maximal obstruction and to estimate the outcome of intervention.
The theory behind the measurement of P lat is as follows. A double-lumen airway catheter capable of simultaneously measuring P lat at two sites in the trachea can be used to assess tracheal obstruction. If the catheter is positioned so that the two holes are located on each side of a stenosis, then the two pressures plotted against each other (pressure-pressure [P-P] curve) will display a line with a slope less than 458 due to resistance between the two points. If the two holes are located downstream or upstream from the stenosis, pressure between these sites will be in phase and if plotted against each other, will display a straight line with a slope of 458.
The aim of this study is to assess the efficacy and feasibility of measuring P lat simultaneously at two points to determine the site of maximal obstruction. To validate this method, we first built an experimental model to simulate a tracheal obstruction and to assess the characteristics of central airway mechanics, regardless of the type of breathing maneuver employed. Then, to test the clinical feasibility, we assessed P lat and P-P curves in patients with tracheal obstruction during intervention. Some of these results have been previously reported in the form of abstracts (16, 17) .
METHODS Experimental Model Validation
A silicone tube was placed horizontally and could be partially or completely obstructed by inserting a silicone balloon into the lumen and inflating with a plastic syringe (Figure 1 ). The silicone tube was exposed to positive and negative driving pressure by inflating and deflating 100 ml regularly to emulate a regular respiratory cycle. Lateral airway pressure (P lat ) was measured at two points during changes in the respiratory rate, flow, and volume. Flow was measured with a pneumotachograph (Lilly type; Chest Corp., Tokyo, Japan) on one side of the tube.
Clinical Feasibility
Between August 2007 and July 2010, we performed a prospective study that was approved by the Research Ethics Committee at St. Marianna University School of Medicine (Kawasaki, Japan). Thirty patients with tracheal obstruction underwent P lat measurement after meeting the following criteria: patients scored grade 2 or more on the modified Medical Research Council (MMRC) Scale and had a minimum of 50% obstruction on multidetector computed tomography (MDCT). We also investigated 15 healthy subjects.
MDCT was performed with a 64-detector row CT scanner (Aquilion-64; Toshiba Medical, Tokyo, Japan) as previously described (18, 19) . The degree of tracheal obstruction was defined as (CSA normal -CSA actual )/ CSA normal (CSA, cross-sectional area). Variable stenosis was defined as an additional narrowing of more than 50% of the CSA during expiration (20) (21) (22) , and an additional narrowing of less than 50% during expiration suggested a fixed stenosis.
Lateral Airway Pressure Measurement
All patients were anesthetized by intravenous injection of propofol. After intubation with a rigid bronchoscope (EFER, La Ciotat, France), a double-lumen airway catheter (Fuji Systems, Tokyo, Japan) was inserted into the trachea during bronchoscopy. The catheter is constructed of nylon elastomer with two holes premanufactured into the side at 5-cm intervals, with an outer diameter of 1.7 mm. The catheter was connected to two identical pressure transducers (SCX01DN; Sensortechnics, Munich, Germany). P lat was measured simultaneously at two points during spontaneous breathing with light general anesthesia before and after intervention. The site of maximal obstruction was evaluated on the basis of the pressure difference between the proximal and distal sites of the stenosis. P lat at the two points was plotted on an oscilloscope (pressurepressure [P-P] curve). The angle of the P-P curve was defined as the angle between the peak inspiratory and expiratory pressure points and the baseline of the angle.
Statistical Analysis
All analyses were performed with SAS software (release 8.2; SAS Institute, Cary, NC). Correlations among pressure difference, the angle of the P-P curve, and the CSA were evaluated using the Spearman correlation coefficient. Responders were defined as any patient with an increase in FVC or FEV 1 exceeding 200 ml and 12% of the baseline value by pulmonary function test. Any patient with an improvement in MMRC Scale of two or more grades was considered to be a clinical responder. A receiver operating characteristic curve was used to evaluate the usefulness of the pressure difference and the angle of the P-P curves. Figure 1 . Experimental model of tracheal stenosis. When the silicone tube was partially or completely obstructed by the balloon in the lumen, lateral pressure was measured simultaneously at white and black points. The catheter was connected to two identical pressure transducers and pressure was recorded on an instrumentation amplifier device. Figure 2 . Correlations among pressure difference, angle of pressure-pressure (P-P) curve, and degree of tracheal obstruction for the experimental model. Dotted line shows the threshold for 50% tracheal obstruction. (A) The pressure difference and (B) the angle of the P-P curves are significantly correlated with the degree of tracheal obstruction (r ¼ 0.97, P , 0.0001 and r ¼ -0.98, P , 0.0001, respectively). (A) The pressure difference increased above 50% obstruction. When the degree of obstruction decreased, the angle of the P-P curve increased toward 458. (B) However, when the degree of obstruction was greater, the angle of the P-P curve was close to 08.
RESULTS

Experimental Model Validation
The degree of tracheal obstruction was significantly correlated with the pressure difference (r ¼ 0.97, P , 0.0001) and the angle of the pressure-pressure (P-P) curve (r ¼ -0.98, P , 0.0001) (Figure 2 ). When lateral airway pressure (P lat ) was measured during changes in the respiratory rate (10, 20 , and 30/min), flow (1.0, 1.5, and 2.0 L/s), and volume (50, 100, and 150 ml), there was no significant difference between the pressure difference and respiratory rate (P ¼ 0.6716). However, statistically significant differences were seen in the pressure difference for changes in flow (P , 0.0001) and volume (P , 0.0001) ( Table  1 ). There was no significant difference between the angle of P-P curves and the type of breathing maneuver employed, such as respiratory rate (P ¼ 0.8986), flow (P ¼ 0.9978), and volume (P ¼ 0.9995). Statistically significant differences in the angle of the P-P curves for changes in the degree of tracheal obstruction were recognized (P , 0.0001) ( Table 2) .
Clinical Feasibility
Measurements for P lat were taken in 15 healthy subjects and 30 patients with tracheal obstruction (Table 3 ). P lat measurement required an additional 5 minutes of procedure time and no adverse events were noted as a result of this bronchoscopic approach.
In healthy subjects, there were no flow limitations (Table 3 ) or pressure differences between the carina and upper trachea (0.10 6 0.22 cm H 2 O) during tidal breathing ( Figure 3A) . The P-P curves were linear and the angle of the P-P curves was close to 458 (44.6 6 0.98) ( Figure 3B ).
Characteristics of patients with tracheal obstruction are shown in Table 4 . In all patients, clinical assessment, endoscopic examination, and pulmonary function before and immediately after interventional bronchoscopy showed improvements. Pulmonary function tests could not be performed on patients with poor performance status (n ¼ 2) and after tracheostomy (n ¼ 2). In pulmonary function tests, FVC, FEV 1 , and PEF increased significantly after procedures (P ¼ 0.044, P , 0.0001, and P , 0.0001, respectively) ( Table 5 ). MMRC Scale scores improved after procedures (P , 0.0001) ( Table 5 ). Significant improvements for all patients were observed in the degree of tracheal obstruction (P , 0.0001), the pressure difference (P , 0.0001), and the angle of the P-P curve (P , 0.0001) ( Table 5 ). The proportion of responders to treatment was 70.0% for the modified Medical Research Council (MMRC) Scale, 50.0% for FVC, and 80.8% for FEV 1 (Table 5) .
Correlations between the pressure difference and the degree of tracheal obstruction and between the angle of the P-P curve and the degree of tracheal obstruction are shown in Figure 4 . We found that the degree of tracheal obstruction was significantly correlated with the pressure difference (r ¼ 0.83, P , 0.0001) and the angle of the P-P curve (r ¼ -0.84, P , 0.0001). Pressure differences increased significantly above 50% obstruction and increased dramatically above 70% obstruction ( Figure  4A ). If the cross-sectional area (CSA) was small, the angle of the P-P curve was close to 08. However, after interventional bronchoscopy, the CSA increased and the angle of the P-P curve was close to 458 ( Figure 4B ). Receiver operating characteristic analysis indicated that the optimal cutoff point for pressure difference and the angle of P-P curves was 50% for tracheal obstruction, with 85.7 and 86.1% sensitivity and 73.9 and 79.2% specificity, respectively. The MMRC Scale was significantly correlated with the degree of tracheal obstruction (r ¼ 0.76, P , 0.0001), the pressure difference (r ¼ -0.65, P , 0.0001), the angle of the P-P curve (r ¼ -0.68, P , 0.0001), FEV 1 (r ¼ -0.54, P , 0.0001), and PEF (r ¼ -0.72, P , 0.0001), but there was no significant correlation between the MMRC Scale and FVC (r ¼ -0.09, P ¼ 0.508) before and after intervention. Dyspnea significantly increased when the airway lumen was obstructed by more than 50% (P , 0.0001). The mean degree of tracheal obstruction for each MMRC grade was as follows: 40.0% for grade 0, 55.9% for grade 1, 68.4% for grade 2, 71.4% for grade 3, and 80.1% for grade 4 (P for trend , 0.0001). The relation between the baseline of the degree of tracheal obstruction and the change in MMRC (DMMRC) is shown in Table 6 . The clinical responder rate was 84.6% for obstructions above 80% and 58.8% for obstructions between 50 and 80%.
The pressure difference was significantly correlated with FEV 1 (r ¼ -0.45, P , 0.0001) and PEF (r ¼ -0.62, P , 0.0001); however, there was no significant correlation between the pressure difference and FVC (r ¼ -0.14, P ¼ 0.252) ( Table  7 ). The angle of the P-P curve was significantly correlated with FEV 1 (r ¼ -0.44, P ¼ 0.0001) and PEF (r ¼ -0.53, P , 0.0001), whereas there was no significant correlation between the angle of the P-P curve and FVC (r ¼ -0.09, P ¼ 0.443) ( Table 7) .
Of the 30 patients with tracheal obstruction, 18 were fixed stenoses and 12 were variable stenoses. For patients with fixed stenosis, the P-P curve was linear and no significant change was observed in the angle of the P-P curve between inspiratory and expiratory phases (P ¼ 0.653). For patients with variable stenosis, the P-P curve appeared loop-shaped with a significant change in the angle of the P-P curve between inspiratory and expiratory phases (P ¼ 0.039). For variable extrathoracic stenosis, the angle of the P-P curve during inspiration was smaller than during expiration. On the other hand, for variable intrathoracic stenosis, the angle of the P-P curve during expiration was smaller than during inspiration. In a patient with fixed extrathoracic stenosis due to exuberant granulation tissue, multidetector computed tomography (MDCT) showed a weblike stenosis at the endotracheal tube cuff site ( Figure 5A ). Endobronchial ultrasonography (EBUS) revealed no cartilaginous abnormalities. Before balloon dilation, a considerable pressure difference between the upper trachea and carina was noted ( Figure 5C ). After resection, using the tip of a rigid bronchoscope and balloon dilation, MDCT showed restored patency of the trachea ( Figure 5B ), and the pressure difference disappeared ( Figure 5D ). Before dilation the P-P curve was linear, and the angle of the P-P curve was small during inspiration and expiration ( Figure 5E ). After dilation, the angle of the P-P curve increased from 0.5 to 38.28 ( Figure 5E ) and the MMRC Scale grade decreased from 2 to 0.
In a patient with variable extrathoracic stenosis due to esophageal cancer, MDCT showed dynamic airway collapse caused by excessive bulging of the left airway wall covered with a titanium mesh after tracheoplasty ( Figure 5F ). EBUS showed the cartilage layer was absent between the 7 and 10 o'clock positions. Before stenting, there was a considerable pressure difference between the upper trachea and carina ( Figure 5H ). After implantation of a self-expandable metallic stent, bronchoscopy confirmed that the trachea was patent and that the pressure difference disappeared ( Figures 5G and 5I ). Before stenting, the angle of the P-P curve during inspiration was smaller than during expiration, and the P-P curve appeared loop-shaped during the inspiratory phase ( Figure 5J ). After stenting, the angle of the P-P curve increased from 14.7 to 43.88 with a linear shape ( Figure 5J ), and the MMRC Scale grade decreased from 4 to 0.
In a patient with fixed intrathoracic stenosis due to choriocarcinoma, MDCT showed an extrinsic compression at the metastatic lymph nodes ( Figure 6A ). Before stenting, there was a considerable pressure difference between the upper trachea and carina ( Figure 6C ). After implantation of a self-expandable metallic stent, the trachea was clearly patent ( Figure 6B ) and the pressure difference disappeared ( Figure 6D ). Before stenting, the P-P curve was linear and the angle of the P-P curve was small during inspiration and expiration ( Figure 6E ). After stenting, the angle of the P-P curve increased from 1.7 to 40.68 ( Figure 6E ), and the MMRC Scale grade decreased from 2 to 0.
In a patient with variable intrathoracic stenosis due to colon cancer, MDCT showed compression from an extraluminal tumor on the right side ( Figure 6F ). EBUS showed that the cartilage layer was involved and interrupted around the tumor. Before stenting, a considerable pressure difference between the upper trachea and carina was noted ( Figure 6H ). After implantation of a self-expandable metallic stent, the trachea was patent (Figure 6G ) and the pressure difference decreased ( Figure 6I ). Before stenting, the angle of the P-P curve during expiration was smaller than on inspiration and appeared loop-shaped ( Figure 6J ). Typical patterns of lateral airway pressure (P lat ) measurements during tidal breathing in a healthy subject. P lat is measured simultaneously at the white points (upper trachea and carina). (A) There are no pressure differences between the carina and upper trachea (black line, carina; dotted line, upper trachea). (B) The angle of the pressure-pressure (P-P) curve is defined as the angle between the peak inspiratory and expiratory pressure points and the baseline of the angle. The P-P curves are linear and the angle of the P-P curve is close to 458. After stenting, the angle of the P-P curve increased from 0.6 to 27.98 and a linear shape was seen ( Figure 6J ). The MMRC Scale grade decreased from 2 to 0. In a patient with variable intrathoracic stenosis due to tracheal tuberculosis, MDCT showed a severe saber-sheath type of tracheal malacia ( Figure 7A ). The cartilage was fractured at the 2 o'clock position and the submucosal layer of the membranous portion was thickened on EBUS. Before stenting, a pressure difference between the upper trachea and carina was noted ( Figure 7B ), and the angle of the P-P curve was small with a loop-shaped appearance ( Figure 7C ). The pressure difference during expiration was larger than during inspiration. The flow-volume curve showed a marked reduction of the expiratory flow with a plateau (Figure 7D ), and negative expiratory pressure (NEP) measurements showed an expiratory flow limitation during tidal breathing ( Figure 7E ). After insertion of a silicone Y stent, tracheal patency was restored ( Figure  7F ). Pressure differences disappeared immediately after stent implantation ( Figure 7G ), and the angle of the P-P curve increased from 7.5 to 40.98 with a linear shape ( Figure 7H ). The flowvolume curve improved slightly but still showed flow limitation in the tidal range after stent placement ( Figure 7I ). The NEP measurements showed no expiratory flow limitation during tidal breathing after intervention ( Figure 7J ). The MMRC Scale grade decreased from 3 to 0.
This approach identified a need for additional treatment in three patients during interventional bronchoscopy. After initial stenting, bronchoscopy showed that the airway was patent; however, the angle of the P-P curve showed only a slight improvement. After subsequent treatments, the pressure difference and the angle of the P-P curve improved dramatically in these patients (Figure 8 ).
DISCUSSION
To our knowledge, this is the first prospective investigation demonstrating the usefulness of pressure differences and pressurepressure (P-P) curves to measure lateral airway pressures (P lat ) on each side of a tracheal obstruction, using a dedicated doublelumen catheter during interventional bronchoscopy. Direct measurements of the pressure difference and the angle of the P-P curve are new assessment modalities for the success of interventional bronchoscopy in patients with tracheal obstruction. The degree of tracheal obstruction was significantly correlated with the pressure difference and the angle of the P-P curve. Furthermore, the MMRC Dyspnea Scale, the pressure difference, and the angle of the P-P curve showed significant changes beyond 50% obstruction. In this clinical study, preoperation measures by the baseline of the degree of tracheal obstruction could be used to predict the postoperation impact on The pressure difference and (B) the angle of the P-P curves are significantly correlated with the degree of tracheal obstruction (r ¼ 0.83, P , 0.0001 and r ¼ -0.84, P , 0.0001, respectively). (A) The pressure difference increased significantly above 50% obstruction and increased dramatically above 70% obstruction. (B) When the cross-sectional area was small, the angle of the P-P curve was close to 08. After interventional bronchoscopy, the cross-sectional area increased and the angle of the P-P curve was close to 458.
dyspnea. If the cross-sectional area (CSA) was small, then the angle was close to 08; however, after intervention, the CSA significantly increased and the angle was close to 458. In this clinical study, the pressure difference was used mainly to locate the site of maximal obstruction for the optimal positioning of the stent, and we used the angle of the P-P curve to assess the degree of tracheal obstruction quantitatively. The angle of the P-P curve was a visually simple way to assess the outcome of intervention in real time during bronchoscopy. In our experimental study, the angle of the P-P curve was unaffected by breathing maneuvers whereas the pressure difference was affected. Moreover, the shape of the P-P curve was useful in analyzing the nature of the stenosis. In fixed stenosis, the P-P curve was linear whereas in variable stenosis, the P-P curve was loop-shaped and a significant change was observed in the angle between inspiration and expiration. This bronchoscopic procedure made it possible to achieve complete remission in patients with tracheal obstruction. Furthermore, this approach provided useful information during the procedure to guide treatment decisions, such as additional stenting, balloon dilation, and laser ablation.
Measurement of Lateral Airway Pressure
Macklem and colleagues demonstrated that pressure drops down the bronchial tree by direct measurement of P lat , esophageal pressure, and total flow during cine-bronchography (8) . Healthy subjects have a relatively uniform pressure drop down the bronchial tree during expiration. In patients with airway stenosis, the major pressure drop occurs across the stenosis. Because P lat may vary at different alveolar pressures and lung volumes, it is necessary to express P lat as a percentage of alveolar pressure. We could detect the pressure difference between two sites (proximal and distal) of the stenotic segment and identify the site of maximal obstruction. A previous study reported that pressure differences changed dramatically from 70% tracheal obstruction (2). In cases with 50% tracheal obstruction, the highest velocities are in the jet, which is generated by glottic constriction. In cases with more than 70% tracheal obstruction, peak Correlations among pressure difference, angle of the P-P curve, and crosssectional area were evaluated using the Spearman correlation coefficient. velocities are generated at the stenosis and exceed velocities in the glottic area. However, in the present study, we found that pressure differences significantly increased from 50% obstruction in the trachea after measuring P lat at two points with a rigid bronchoscope. The contrast in pressure differences obtained in this study during intubation with a rigid bronchoscope, compared with those obtained in simulated models without intubation (2), might be attributed to the existence of glottis.
Wave-speed flow limitation during expiration is affected by the relationship between transmural pressure and the CSA of the airway (23, 24) . When pleural pressure was measured with an esophageal balloon (25) , insertion of the balloon could not be performed in patients with esophageal cancer. However, this new technique does not require an esophageal balloon and is simple, safe, and feasible to perform.
In extensive fixed tracheal stenosis, sometimes we can observe considerable dynamic stenosis in the airways below the obstruction. In our previous study (4) , after stenting, the migration of the flow-limiting segment (FLS) to nonstented segments of the weakened airway resulted in its subsequent collapse. Additional stenting at the migrated FLS results in functional improvement in patients with extensive stenosis. In this study, by measuring P lat , the precise site of maximal obstruction could be easily identified when additional dynamic collapse occurred on the distal side of the stenosis.
Assessment of the P-P Curve
Central airway stenosis can be divided into four major types: fixed, variable, extrathoracic, and intrathoracic stenosis. In fixed stenosis, the CSA at the site of the lesion does not change during the respiratory cycle. In variable stenosis, the configuration of the stenotic lesion changes between phases of respiration. Airway narrowing occurs during expiration in intrathoracic stenosis, whereas airway narrowing occurs during inspiration in extrathoracic stenosis. In variable extrathoracic stenosis, the angle of the P-P curve during inspiration is smaller than during expiration, and in variable intrathoracic stenosis, the angle of the P-P curve during expiration is smaller than during inspiration.
An extremely compliant central airway can collapse during quiet breathing with minimal transmural pressure (26) . In weak tracheal cartilaginous structures, the negative transmural pressure gradient can cause increased airway collapsibility and narrowing. This increases airway resistance and airflow no longer increases with driving pressure. In this study, the P-P curve of a patient with tracheal malacia appeared as loop-shaped. P-P curves can be used to select the appropriate expansion force and elasticity of the stent.
Although bronchoscopic images showed that tracheal patency was restored after procedures, the angle of the P-P curve did not always improve. It is difficult to estimate the outcome of interventional procedures by bronchoscopy alone. We could identify whether the widening effect of the stent was sufficient and the stent length was long enough to fully cover the stenosis by calculating the angle of the P-P curve. Measuring P lat can physiologically estimate the need for additional procedures and the desired outcome. . Lateral airway pressure (P lat ) measurements during interventional bronchoscopy with balloon dilation and silicone Y stent implantation in fixed intrathoracic stenosis due to tracheobronchial tuberculosis (A-D, before treatment; E and F, after balloon dilation; G-J, after stenting). White arrows indicate the area of stenosis. P lat was measured simultaneously at the white points (upper trachea and carina). In (B), (E), and (H), the black line shows P lat at the carina and the dotted line indicates P lat at the upper trachea. After each treatment, the pressure difference and the angle of the P-P curve improved. 
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